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In a search for pathogenetic mechanisms underlying
retention hyperkeratosis, we examined the pH gradient
over the stratum corneum in 13 male patients suffering
from either x-linked recessive (XRI) or autosomal domin-
ant ichthyosis vulgaris. For recording pH values, a flat
glass electrode was repeatedly applied to the skin during
tape stripping of mildly involved forearm skin. Before
stripping, surface pH was higher in ichthyosis vulgaris
(5.3 K 0.7; n J 7) than in XRI (4.6 K 0.4; n J 6;
p < 0.05) and healthy control men (4.5 K 0.2; n J 7;
p < 0.01). Removal of stratum corneum, which required
100–240 strippings in ichthyotic skin and 80–120 strippings
in healthy control skin, disclosed markedly different pH
variations in the two types of ichthyosis. The major
abnormality in ichthyosis vulgaris skin was that a neutral
pH was attained already halfway through the horny layer,
Ichthyosis is a collective name for diseases characterized bygeneralized xerosis, hyperkeratosis, and scaliness of the skin.The two most common forms of the diseases, autosomaldominant ichthyosis vulgaris (IV) and x-linked recessiveichthyosis (XRI), usually occur at frequencies of 1/250 and
1/3000, respectively (Traupe, 1989). Although IV and XRI are
clinically alike and show a similar retention of corneocytes, their
etiologies differ completely. IV is due to decreased expression of
profilaggrin, observed histologically as absence of keratohyaline granules
(Sybert et al, 1985; Nirunsuksiri et al, 1995). XRI, on the other hand,
is caused by deficiency of the enzyme steroid sulfate sulfatase (EC
3.1.6.2), resulting in an abnormal accumulation of cholesterol sulfate
in the stratum corneum (SC) (Jobsis et al, 1976; Shapiro and Weiss,
1978; Williams and Elias, 1981).
Normally, the chemical composition of SC is quite stable, except
for the water content, which varies between 10% and 60% in different
environments and diminishes near the surface of the skin (von Zglinicki
et al, 1993; Schaefer and Redelmeier, 1996). Also, the number of
corneocyte layers in nonpalmoplantar skin (usually 15–30) is normally
rather constant, reflecting a balance between basal cell proliferation
and keratinocyte shedding from the surface. Corneocyte cohesion is
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possibly reflecting a congenital lack of acidic breakdown
products from keratohyaline. By contrast, stripping of
XRI skin revealed a shallow pH gradient that plateaued
at 6.2–6.6, instead of about 7 as in normal and ichthyosis
vulgaris skin. A likely explanation is the XRI-associated
accumulation of cholesterol sulfate in lower stratum
corneum. Our results suggest that the ‘‘acid mantle’’ of
normal skin, which penetrates deep into the stratum
corneum, is the combined result of cornification-associ-
ated organic acids and back-diffusion of acid material
from the surface. Becuase corneocyte desquamation
involves many pH-dependent enzymes, abnormalities in
the transcorneal pH gradient might play a role in the
pathogenesis of ichthyosis. Key words: cholesterol sulfate/
filaggrin/hyperkeratosis/keratinization. J Invest Dermatol
111:674–677, 1998
jointly accomplished by desmosomes and intercellular lipids, structures
that are gradually modified as cells move toward the surface (Chapman
et al, 1991; Elias, 1983; Long et al, 1985; Ranasinghe et al, 1986;
Lundstro¨m and Egelrud, 1988). This process appears to be partially
controlled by pH-dependent enzymes expressed in the intercorneocyte
space (Freinkel and Traczyk, 1983; Menon et al, 1992).
It is common knowledge that the pH on the surface of nonoccluded
human skin is around 5, as against 7.4 in viable epidermis (Schade and
Marchionini, 1928; Zlotogorski, 1987). This implies that a change of
more than 2 pH units occurs over a distance of only about 10 µm in
the epidermis (normal thickness of human SC). Using a simple glass
electrode and repeated recordings during tape stripping of normal skin
it can be demonstrated that this pH gradient has its steepest portion in
the compact layers of SC directly overlying the stratum granulosum
(O¨hman and Vahlquist, 1994), i.e., where many pH-dependent enzymes
are operating (Freinkel and Traczyk, 1983; Menon et al, 1992).
In this study, we demonstrate some disease-specific features of the
pH gradient in ichthyotic SC that may shed light on the pathogenesis
of IV and XRI, and also provide a basis for a discussion about the
molecular origin of a pH gradient in normal human skin.
MATERIALS AND METHODS
Thirteen male patients (aged 12–71 y) with mild to moderate ichthyosis and
seven healthy men (O¨hman and Vahlquist, 1994) were studied. They were all
Caucasians with Fitzpatrick skin types II and III, essential for the interpretation
of stripping data (Reed et al, 1995). Prior to the study the patients had had a
punch biopsy taken of lesional skin and had been investigated by serum lipid
electrophoresis for detection of steroid sulfatase deficiency (Ibsen et al, 1986).
On the basis of a typical family history, a characteristic histology with an absent
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Figure 1. The pH gradient disclosed by tape stripping differs in
appearance between ichthyotic and normal SC. Computerized curves
fitting the pH values (mean 6 SEM) in ichthyosis vulgaris (IV; n 5 7), X-
linked recessive ichthyosis (XRI; n 5 6), and healthy control skin (normal;
n 5 7) are shown. The total number of strippings varied interindividually (see
text). To prevent a flaw of the curves, each person’s final pH value was included
in all subsequent mean values.
or scanty granular layer in IV, and an increased electrophoretic mobility of
plasma low-density lipoprotein in XRI (for review see Vahlquist, 1997), seven
patients were classified as having IV and six as having XRI. The patients gave
their informed consent before entry into the study. The study was approved
by the Linko¨ping University Ethics Committee.
The pH measurements were performed on the ventral forearm, using a flat
glass electrode, with repeated measurements after every tenth stripping. Before
stripping the patients’ skin showed signs of mild to moderate hyperkeratosis,
but no clear-cut scaling on the investigated area. The strippings were continued
until a glistening layer was clearly reached and/or pain was experienced by the
subject. The experimental conditions and the equipment used were the same
as in our previous study of healthy individuals (O¨hman and Vahlquist, 1994),
except that preformed round pieces of tape with a diameter of 14 mm (D-
Squame stripping discs, CuDerm, Dallas, TX) were used for stripping. In some
experiments, the D-Squame discs were weighed before and after stripping
(Cahn Model 4700, Automatic Electrobalance, Cerritos, CA) to evaluate the
amount of SC removed with each strip. In one patient, punch biopsies were
taken repeatedly during stripping and pH measuring of a larger area of skin.
The biopsies were processed as previously described for normal skin (O¨hman
and Vahlquist, 1994). All experiments were performed in a climatized room
(20°C and 60% relative humidity) between 3 and 6 pm to avoid the influence
of diurnal variations of skin pH (Yosipovitch et al, 1998).
Statistical analysis was performed with the aid of a personal computer
equipped with a statistical software package (Stat View 512 1 and Cricket
Graph). The significance of differences was tested with the unpaired t test.
RESULTS
Before stripping, the surface pH (mean 6 SD) was signficantly higher
in IV patients (5.3 6 0.7; n 5 7) than in XRI patients (4.6 6 0.4;
n 5 6; p , 0.05) and healthy controls (4.5 6 0.2; n 5 7; p , 0.01).
During stripping, the pH values initially decreased somewhat in
ichthyotic skin, but after about 20 strippings the values increased in all
three groups (Fig 1). It is seen in the figure that, although IV skin
resembled control skin between the twentieth and seventieth stripping,
a higher number of strippings was required to fully remove SC in IV
patients (individual range 100–190, as compared with 80–120 in control
skin) and a neutral pH was attained more gradually than in normal
skin (final values 6.8–7.3, as compared with 6.5–7.5 in control skin).
By contrast, the pH gradient in XRI patients extended over a larger
number of strippings (individual range 160–240) and began to plateau
Figure 2. The stripping efficacy is higher near the skin surface, but
there are no overt differences between normal and ichthyotic skin.
Individual values and computerized curves fitting the weight/strip in one
healthy man and two patients with ichtyosis vulgaris (IV) and x-linked recessive
ichthyosis (XRI), respectively. Tape discs were weighed before and after every
5–20 strippings of ventral forearm skin (see Materials and Methods).
Figure 3. Skin micrographs showing (a) orthohyperkeratosis in an XRI
patient before stripping (surface pH 4.7), (b) residual corneocytes in
epidermal furrows after 100 strippings (pH 6.1), and (c, d) an essentially
denuded stratum granulosum after 170 strippings (pH 6.6). Hematoxylin
and eosin; scale bar: (a–c) 100 µm; (d) 50 µm.
already at pH 6 (final values 5.9–7.2), resulting in a more shallow
appearance of the gradient.
Although increased thickness of the horny layer is an obvious reason
to why more strippings were required in ichthyotic as compared with
normal skin, variations in the stripping efficacy might also skew the
pH gradient. We therefore compared the stripping efficacy in one
healthy men and two patients with ichthyosis by repeatedly weighing
the tape discs before and after stripping. Figure 2 shows that,
although the initial 10–20 strippings were generally more effective,
thus corroborating previous findings in normal skin (Bommannan et al,
1990), there were no consistent differences between normal and
diseased skin, apart from a tendency to initially lower stripping efficacy
in XRI (the minor discrepancies after 50 strippings should probably
be disregarded because weighing is unreliable at , 0.02 mg per strip).
Using this approach, the cumulated weight of SC was found to be
3.0 mg per cm2 in the XRI patient as compared with 2.4 mg per cm2
in the healthy control (the IV patient was not possible to assess in
this way).
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To further evaluate the stripping and to see how it might affect pH
measurements at the microscopic level, an XRI patient was biopsied
once before and twice during stripping of the same skin area. Figure 3
shows that even after 100 strippings considerable amounts of SC remain
in the furrows, a phenomenon also noted during stripping of normal
skin (van der Molen et al, 1997). After 170 strippings, however,
essentially all corneocytes are gone, exposing an intact layer of granular
cells with an abnormally low pH (6.6 instead of 7.0).
Because our data indicated that not only the thickness, but also the
cohesiveness in different parts of SC determines the shape of the pH
gradient obtained by stripping, it was necessary to correct the curves
before a comparison of the relative position of the pH gradient in
normal and ichthyotic skin could be made. Figure 4 shows that by
normalizing the pH values in Fig 1 for differences in the total numbers
of strippings, and by compensating for the reduced stripping efficacy
in lower SC (see Fig 2), the pH gradient in IV appears closer than
normal to the skin surface, whereas in XRI the opposite is true.
Figure 4. The relative position of the pH gradient in SC differs in
ichthyosis vulgaris (IV), x-linked recessive ichthyosis (XRI), and normal
skin. The curves were obtained by free-hand adjustment of the data in Fig 1,
compensating for differences in the total number of strippings and for variations
in the stripping efficacy (see Fig 2).
Figure 5. A unifying hypothesis for the
pH variations in normal and ichthyotic
epidermis. pH values, converted to
approximate proton concentrations, are
derived from Fig 4. Tentative concentration
profiles for organic acids are taken from the
literature: UCA (Schwarz et al, 1986), PCA
(Horii et al, 1989; Rawlings et al, 1994),
FFA (Bowser and White, 1985; Mao-Qiang
et al, 1993), LA (Rothman, 1954), and CS
(Williams and Elias, 1981; Ranasinghe et al,
1986). The relative water profiles are
derived from von Zglinicki et al (1993)
and Schaefer and Redelmeier (1996). IV,
ichthyosis vulgaris; XRI, x-linked recessive
ichthyosis; UCA, urocanic acid; PCA,
pyrrolidone carboxylic acid; LA, lactic acid;
FFA, free fatty acids; CS, cholesterol sulfate.
DISCUSSION
Although surface pH is easy to monitor and tape stripping is a standard
procedure for removing corneocytes, surprisingly little is known about
the pH variations across SC in normal and diseased skin. A complicating
factor is probably the uncertainty as to how pH should be interpreted
in a lipophilic and complex tissue such as SC (Dickstein and Zlotogorski,
1994; Forslind, 1994). Nevertheless, our stripping approach to the pH
gradient in skin is highly reproducible and shows the expected values
(O¨hman and Vahlquist, 1994). There are, however, a few technical
points to discuss. Whereas most previous investigators have for other
purposes used 15–60 strippings to reach the glistening layer signaling
exposure of the stratum granulosum in normal skin (Bommannan et al,
1990; Chapman et al 1991; Pinkus, 1952; Wilhem et al, 1991), we
routinely use about 100 strippings to obtain this goal (O¨hman and
Vahlquist, 1994). Because our technique is otherwise identical, we
probably remove SC more extensively, explaining why we, as opposed
to others (Wilhem et al, 1991), eventually attain the expected pH 7.0–
7.4 in viable normal epidermis. Importantly, the uneven removal of
corneocytes during stripping, due for instance to epidermal furrows
(Fig 3) and variable cohesiveness (Fig 2), implies that the number of
strippings is not strictly proportional to the depth in SC. Because we
were concerned about how this might skew the shape and position of
the pH gradient in ichthyotic skin, two alternative ways of expressing
the results were used (Figs 1, 4).
The most pertinent finding in this study is the major difference
between the pH profiles in IV and XRI skin, allowing speculation not
only about the pathophysiologic role of the pH gradient in hyperkera-
totic skin (see below), but also about the molecular origin of the so-
called acid mantle of human skin. From a scrutiny of the literature,
three classes of molecules emerge as the most likely source of protons
in normal SC: (i) certain amino acids and filaggrin-related breakdown
products, e.g., urocanic acid and pyrrolidone carboxylic acid (Warner
et al, 1995), also known as the ‘‘natural moisturizing factor’’ (Scott
et al, 1982; Rawlings et al, 1994); (ii) alfa-hydroxy acids, such as lactic
acid and butyric acid, which are naturally present in sweat and possibly
other components of the skin (Rothman, 1954); and (iii) acidic lipids,
e.g., cholesterol sulfate and free fatty acids, which are either synthesized
de novo in the epidermis or deposited onto the skin surface in areas
with a high sebaceous activity (Elias, 1983). On the basis of known
facts and educated assumptions about the concentrations of these three
classes of molecules in human SC, it is possible to correlate their
appearance to the pH profiles (or proton gradients) in normal and
ichthyotic skin (Fig 5). Hence we propose that ‘‘the acid mantle of
the skin’’ is a combined effect of acidic excretion products from sweat
and sebum, and hydrolytic products of filaggrin originating in the
granular layer and further concentrated in the upper SC partially as
the result of desiccation.
If our hypothesis about the normal pH gradient is correct, the
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abnormal gradients in ichthyotic skin are easily explainable. Thus, a
depletion of urocanic acid and pyrrolidone carboxylic acid due to
filaggrin deficiency presumably delays the accumulation of protons and
moves the pH gradient outwards in IV skin. Conversely, the downward
transpositioning of the pH gradient in XRI is probably the combined
effect of cholesterol sulfate accumulation and xerosis in the upper SC.
To prove our hypothesis, the incriminated molecules need to be
quantitated in different layers of normal and ichthyotic SC. Also, it
would be interesting to know if the ichthyosis-associated abnormalities
in the pH gradient alter the activity of pH-dependent enzymes in SC.
One such enzyme is steroid sulfatase with a pH optimum around 7.0
(Hobkirk, 1985), implying that the degradation of cholesterol sulfate
is markedly impeded as pH drops to 4–5 in the upper SC. Interestingly,
cholesterol sulfate is also a potent inhibitor of certain proteases, which
might delay desmosomal cleavage in the SC, thus contributing to the
retention of corneocytes in XRI skin.1 Clearly, more is to be said
about the pathogenesis in different types of common ichthyosis.
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